In this chapter we introduce current knowledge on neuromodulation at the various levels of analysis on which neuromodulator action becomes apparent. These span from animal behavior, to biomechanics and musculature, to neural networks, single neurons and, finally, intracellular signal cascades, genes, and protein synthesis. In contrast to neurohormones that are released into the hemolymph, neuromodulators are delivered more precisely at their target tissues. While extrinsic neuromodulation provides an independent release control, intrinsic neuromodulation can represent a more automatic release control. Neuronal networks underlying the generation of rhythmic motor patterns are known to receive a particularly rich supply of neuromodulators, and thus provide excellent case studies, some of which are presented in detail in this article.
HISTORY AND DEFINITION OF THE TERM NEUROMODULATION
Since it was first described, the term neuromodulation has been used in various ways. Florey (1967) defined it as a "Modulator substance used for any compound of cellular or nonsynaptic origin that affects the excitability of nerve cells and represents a normal link in the regulatory mechanisms that govern the performance of the nervous system. Such modulator substances can affect the responsiveness of nerve cells to transsynaptic actions of presynaptic neurons and they can alter the tendency to spontaneous activity." Florey's original definition was reflected in later descriptions by Kupfermann (1979) and Kaczmarek and Levitan (1987) , who stated that "neuromodulation occurs when a substance released from one neuron alters the cellular or synaptic properties of another neuron." Over time, the term took on a more general, less specific use. For example, Katz (1999) noted that "any communication between neurons, caused by release of a chemical, that is either not fast, or not point-to-point, or not simply excitation or inhibition will be classified as neuromodulatory." This statement has clear implications for the time span of a neuromodulatory action; it becomes very wide, ranging from seconds to hours, if not days and months. By definition, neuromodulators are released from neurons (and/or glia cells); therefore, the position of a given neuromodulatory cell within the network that it modulates becomes an important issue. Katz (1999) emphasized a difference between extrinsic and intrinsic neuromodulation: for extrinsic neuromodulation, the corresponding modulatory neuron is located outside the network, whereas for intrinsic neuromodulation, the modulatory neuron is an integral part of the network itself. In fact, in the latter case, the neuromodulator may be released as a co-transmitter (Figure 4 .1) and thus does not require storage in a separate class of neurons.
In some systems the neuromodulator may even be a "borrowed" transmitter which is not synthesized but taken up by the respective neuron (Musolf and Edwards, pers. comm.) In intrinsic neuromodulation, the same information channel as in neurotransmission is used and thus may provide some kind of automatic, but time-and frequency-dependent control and release of the modulator. In addition, the cotransmitter could be involved in a feedback to the presynaptic terminal, and thus allow some processes of "self-regulation." Changes of network properties can thus be automatically induced when certain internal criteria of the network are met, for example, reaching a particular threshold or firing frequency. However, it remains a formidable task to identify these internal criteria that will trigger the release of the modulator, and hence lead to automatic changes of the network.
Extrinsic neuromodulation, by contrast, provides an additional information channel, which allows differential control and release of the modulator, and is thus independent from the activity of the network itself. Such use of a separate channel may permit a more sophisticated setting and definition of different states of activity of the network. Although extrinsic neuromodulation provides a separate channel, and thus potentially an independent control of a network, many experiments show that extrinsic neuromodulatory systems are recruited in parallel to the motor systems by common presynaptic interneurons under a wide range of behavioral conditions. An important task here is to determine under which conditions the modulatory neurons couple or decouple from the activity of the network, and to identify the neurons that are responsible for this.
In recent years, the term metamodulation (or second-order neuromodulation) has been introduced to address the fact that neuromodulator release (or first-order neuromodulation) may itself be modulated (Katz 1999; Mesce 2002) . Insect ecdysis is a good example where hormones, such as 20-HE (20-hydroecdysone), control the release of peptide cascades (Baker et al. 1999; Zitnan et al. 1999) , which regulate the complex sequential movements required for shedding the old cuticle of the insect. Intricately intertwined cascades of peptides orchestrate the entire motor behavior, but neither all neuronal targets nor all cellular mechanisms are known. Hormones may control processes involved in first-order neuromodulation, such as the expression or phosphorylation of neuromodulator receptors or the phosphorylation of re-uptake proteins or transporters.
Although neuromodulators always act on the cellular level, their actions or their effects have been studied on various levels of organisms (Figure 4 .2). We are convinced that the behavioral importance of neuromodulator action needs to be studied on all these levels. This means that to understand the systemic (organismic) context of a neuromodulatory action is as important as to know about its cellular and molecular mechanism. In this chapter we discuss the current state of understanding neuromodulation in motor systems, with special reference to invertebrates, and identify future goals in this field.
THE ACTIONS OF NEUROMODULATORS IN MOTOR SYSTEMS The Systems Level
Neuromodulators have been shown to affect all aspects of a neuronally generated motor program: the priming of the state of premotor networks necessary to generate a specific behavior or a particular motor output, the initiation and the maintenance of motor programs and, finally, the intensity, cycle period, and phasing of the motor output within motor programs. These influences on the systems level arise from actions of neuromodulators on sensory neurons, central neurons, and muscle properties. For example, biogenic amines, such as octopamine and serotonin, injected into the hemolymph can determine the posture of an organism by altering the magnitude of neural output to the leg muscle control system in crayfish (Kravitz et al. 1980) . Elevated levels of octopamine within the central nervous system are capable of initiating and maintaining the generation of locomotor programs, like the flight motor pattern in the locust CNS (Stevenson and Kutsch 1988) . Similarly, elevated levels of octopamine can activate the leg muscle control system of the stick insect and induce active leg movements . The specific effects of octopamine on motor networks led to the formation of the "orchestration hypothesis" (Sombati and Hoyle 1984; Hoyle 1985) , in which a particular neuromodulator organizes more complex sequences of behavior. This is in agreement with the findings of neuromodulator effects on more complex behaviors, such as aggression (see below) or peptidergic cascades in ecdysis (see above discussion on metamodulation). Serotonin has been shown to be of importance for the initiation and maintenance of swimming in the leech (Kristan and Nusbaum 1982) , although recent experiments, where various modulators were applied to the brain of the leech, question some of those initial results (Crisp and Mesce 2003) . Differential actions of various neuromodulators, such as peptides (e.g., the crustacean cardioactive peptide, CCAP, and proctolin) and biogenic amines (e.g., octopamine and 5-HT), are reported for the swimmeret system of crustaceans (Mulloney et al. 1987; Acevedo et al. 1994) . Some interesting behavioral aspects of neuromodulator action come from studies on crayfish and insects where the level of neuromodulators, such as 5-HT and octopamine, may vary depending on the social status and may control the level of aggression (Kravitz and Huber 2003) . One network that is particularly affected by varying 5-HT levels is the crayfish escape system, where some of the effects seen in dominant and submissive animals may be due to different expression of 5-HT receptors in component neurons of the escape network (Edwards et al. 2002) . Studies on aggression in wild-type and neuromodulator-deficient Drosophila melanogaster will soon provide important new insights into how particular neuromodulators may be responsible for controlling whole sequences of behavior (Baier et al. 2002) . As recording from the Drosophila CNS becomes increasingly feasible (Wilson et al. 2004) , studies combining electrophysiology with genetics will undoubtedly add a new quality to understanding the behavioral role of neuromodulators.
Other interesting aspects of biogenic amines are described for honeybees in which octopamine levels in some neuropilar areas, such as the antennal lobes, are increased only in certain behavioral contexts. For example, octopamine levels increase only when foraging behavior is anticipated; they remain high during subsequent foraging, in contrast to nonforaging flights, which have no effect on octopamine levels (Schulz et al. 2002) . During foraging, olfactory associative learning occurs, which itself is influenced by octopamine, most likely through the VUMmx neuron (Hammer 1993) . The whole cascade of neuromodulatory events is not yet known; however, circulating hormones (e.g., juvenile hormones) most likely play a role in orchestrating these events.
Whereas for some vertebrate motor systems it is clear that neuromodulators play a decisive role in development, maturation, and maintenance of motor patterns (see Grillner 2003; Sillar and Grillner, this volume) , evidence for these types of effects in invertebrate systems is largely lacking, except for the stomatogastric ganglion (STG) of crustaceans where neuromodulators regulate the sequential expression of behavior during maturation. Neuromodulators also play most relevant roles throughout adult life in processes of plasticity: 5-HT exerts long-term structural and functional effects on neural circuits during Aplysia learning (Bailey et al. 2000) .
The Role of Neuromodulators in Setting Cellular and Network Properties for Operation
Neuromodulators act on motor circuits by affecting the properties of the underlying neural networks and their individual neuronal elements. Alterations occur either in the excitability of neurons or the properties of their synaptic connectivity. This has been demonstrated for all consecutive layers of neuronal processing, from the level of the sensory neurons to the level of the muscle fibers generating force, thereby closing the loop for the organism-environment interaction.
The motor systems of invertebrates, ranging from mollusks to annelids and arthropods, control behaviors such as walking, flying, swimming, crawling, feeding, not to mention more complex behaviors such as prey capture or courtship. Knowledge about the underlying network and cellular mechanisms of neuromodulation is not only incomplete, but highly "patchy." This is in contrast to the potential of some of these systems, in which a large body of in-depth knowledge on the motor behaviors, the contributing component neurons, and the generation of various motor outputs has been accumulated. Component neurons of motor networks have been shown to exhibit intrinsic bursting properties upon elevated levels of neuromodulators, for example, in the presence of octopamine in the locust flight system (Ramirez and Pearson 1991a, b) . The same is true for motor neurons in insect walking systems. These motor neurons can exhibit increased excitability in response to neuromodulators, like 5-HT (e.g., Parker 1995), or plateauing in the presence of elevated levels of octopamine (Ramirez and Pearson 1991a) . The underlying ionic and subcellular mechanisms have not been established, but spike broadening and spike afterhyperpolarization appear to contribute to alterations in spike frequency adaptation.
One of the principle invertebrate motor circuits in which neuromodulatory action has been studied in great detail is the crustacean STG, which consists of approximately 30 neurons, primarily motor neurons of muscles moving the different parts of the stomach (Selverston et al. 1976) . Several discrete rhythms generated by this network, or by subsets of its elements, have been described. Two largely distinct motor networks generate the slow rhythm of the gastric mill (0.05-0.2 Hz) and the faster pyloric rhythm (about 1 Hz). Within the STG, most of the chemical and electrical synaptic connections as well as the electrical properties of individual neurons are well known. Different rhythms are induced because of the action of neuromodulatory neurons situated in more rostral ganglia (e.g., the commissural and the esophageal ganglia). In fact, the neuronal network within the stomatogastric network requires neuromodulatory input, as suppression of this input by blocking transmission in the afferent stomatogastric nerve blocks reversibly the gastric and pyloric rhythmic activity (Robertson and Moulins 1981) .
In the pyloric network, small modifications in specific voltage-gated ionic currents of particular component neurons are important for shaping the rhythm (Harris-Warrick 2002) . Neuromodulators, such as biogenic amines and neuropeptides, target these ionic currents to change the firing patterns of the network (Peck et al. 2001) . Knowledge of the cellular mechanisms of peptidergic modulation is increasingly available. For example, three proctolin-containing neurons affect the pyloric rhythm differently, perhaps reflecting different co-transmitters that these neurons possess (Nusbaum et al. 2001) . Thus, in the STG one has good knowledge on how particular neuromodulators or co-transmitters affect the cellular and molecular machinery of particular neurons (Harris-Warrick 2000; Nusbaum et al. 2001; Nusbaum 2002) . Similarly, information on the contribution of particular ionic currents and how they are targeted by neuromodulators is presently available for some vertebrate motor systems, for example, the central pattern generators (CPGs) in the mouse spinal cord, which also has the advantage of being amenable to use the tools of genetics (Kiehn and Butt 2003) .
The lack of detailed knowledge on the cellular and network mechanisms of neuromodulation in many more complex invertebrate motor circuits is in contrast to the current knowledge on specific peripheral effects of neuromodulators, for example, on the muscular system of insects and mollusks, where cellular mechanisms have been identified (see below).
Reconfiguration of Neural Networks
One functional role of neuromodulators is to act on neuronal networks in the CNS and to reconfigure them according to behavioral requirements (Harris-Warrick and Marder 1991). Thus, a certain anatomically wired network, whose component neurons are connected by either chemical or electrical synapses, can be divided upon the action of neuromodulators into functionally quite different subnetworks that serve separate behaviors or motor outputs. For example, neural networks within the CNS believed to generate rhythmic motor outputs are involved in controlling swimming, walking, crawling, stepping, and other cyclically occurring locomotor behaviors, and their action has to be modified according to the particular task. The extent to which a specific identified neuron takes part in all or only some of these behaviors remains to be determined, as demonstrated for the STG. Only the motor neurons, as output elements, that control muscle contractions directly are activated in all these motor behaviors. This may be different for interneurons that comprise most central pattern generating as well as sensorimotor networks within the CNS. The STG as a ganglion outside the CNS may be more of an exception than the rule for central networks. The majority of interneurons are difficult to identify individually, even in invertebrates. Therefore, given the large number of interneurons, the majority are likely to belong to one of a relatively small number of groups, each with a set function. Some of them may be rather specialized and may only be involved in a special task.
Neuromodulators as Organizers during Development
Another important aspect of neuromodulators is to organize the development and maturation of the networks. This has been demonstrated for insect ecdysis (Baker et al. 1999; Zitnan et al. 1999 ), but recently, interesting insights have again come from studies on the development of the crustacean stomatogastric system. In the intact crustacean, the pyloric and gastric rhythms are not sequential but operate at the same time and are coupled, although their cycle frequencies are very different. In the embryo, in which the component neurons are already present and do not change in numbers, the expression of these different rhythms is suppressed due to the effects of neuromodulators. The adult rhythms associated with benthic life are progressively released only when these inhibitory influences cease during development (Casasnovas and Meyrand 1995; Fenelon et al. 1998) . Therefore, in this system, neuromodulators acting on the subnetworks either tie them together, separate them from each other, or inhibit them altogether. Furthermore, neuromodulators play a decisive part in the development of the final adult patterns, and alterations in the neuromodulatory systems (e.g., production of different modulators over time by the same neuron) may alone be responsible for the observed developmental changes. Other changes may be caused by different populations of neurons being recruited by a neuromodulator, since the target neurons may only transiently express the respective receptor proteins. Information on maturation of motor patterns and the involvement of neuromodulators, in particular 5-HT, is available in vertebrates (e.g., swimming in amphibians and fish) (Sillar and Grillner, this volume) . Such information is only partly available for other invertebrate motor systems. In the locust flight system, however, it has been convincingly shown that octopamine can orchestrate the CPG of flight as early as in the first larval instar when movable wings are completely absent (Stevenson and Kutsch 1988) .
Peripheral Modulation, including Modulation of Synaptic and Metabolic Peripheral Targets
Important insights into how modulators act have derived not only from studies on the CNS but also on muscles, sense organs, and glands. Specific neuromodulatory actions on the excitability of sensory neurons in response to their adequate stimuli has been shown, for example, for mechanoreceptors of insects and crayfish (Pasztor and Bush 1989; Ramirez and Orchard 1990; Ramirez et al. 1993) . In an insect leg proprioceptor -the femoral chordotonal organoctopamine was shown to increase excitability of position-sensitive sensory neurons, however, without affecting the responsiveness of velocity-sensitive sensory neurons ). This suggests differential actions of neuromodulators not only on central networks but also on elements of the peripheral pathways.
Arthropod muscles are highly modulated tissues that have to produce contractions over a wide working range: from postural, tonic to fast, dynamic. Therefore, crustacean and insect muscle belong to the best-studied tissues with respect to neuromodulatory action (Rathmayer et al. 2002) . Work on the peripheral role of the neuromodulator octopamine on insect muscles suggests that changing the efficacy of neuromuscular transmission is its main task. Release of octopamine during motor activity ensures that a muscle is able to perform tasks over a wider dynamic range, in particular affecting relaxation rates and, at least for many but not all insects, preventing catch effects. Thus, to alter a muscular system from postural, static, to locomotor, dynamic, control is a task of a peripheral modulator. Another task recently described by Mentel et al. (2003) is the influence of energy metabolism on the target tissue. Octopamine stimulates glycolytic rate in muscles. In flying locusts, however, flight muscles switch to lipid oxidation and use carbohydrates only at the beginning of flight. Correspondingly, the activity of dorsal unpaired median (DUM) neurons innervating flight muscles and releasing octopamine is inhibited in flying locusts. It remains to be seen how these types of neurons will function in insects that only rely on carbohydrates for their fuel during flight (e.g., flies). From this finding, it can be concluded that the action of neuromodulators may not only be exclusive to effects associated with the nervous system (e.g., synaptic transmission) but may interact with many different nonneuronal intracellular pathways. Most likely, this action is not restricted to the periphery but must surely apply to the CNS as well, as it is one of the most active metabolic tissues. To our knowledge, however, such a linkage of neuromodulators to pathways other than neuronal intracellular ones (e.g., those linked to energy metabolism) has not been addressed for the central networks.
Descending Neuromodulatory Inputs to Segmental Microcircuits
An important input to locomotory networks comes from descending neuromodulatory neurons situated in higher centers of the CNS, such as the brain or subesophageal ganglion of invertebrates or the brainstem of vertebrates. Some information exists on the function of descending inputs from 5-HT neurons of the raphe nuclei, for example, in relation to the maturation of the spinal locomotory networks in lower vertebrates such as tadpoles (Sillar et al. 1992; Woolston et al. 1994) . Pharmacological deletion of these raphe-spinal projections prevents the maturation of the normal swimming pattern (Sillar et al. 1995) . In mammals, as well, 5-HT inputs seem to play an important role in spinal locomotory networks by modulating plateau properties of component neurons of spinal networks, interacting with NMDA receptors, and regulating the postspike afterhyperpolarization (Schmidt and Jordan 2000) . Locomotor activity is also greatly reduced after lesions in raphe nuclei (Salles and Salles 1980) . Additional evidence for the importance of inputs from raphe nuclei for locomotor patterns has resulted from the novel approach described by Ribotta et al. (2000) , in which embryonic raphe cells were transplanted into the lesioned spinal cord in adult rats. This resulted in partial restoration of an otherwise severely disturbed locomotor pattern.
Extracellular single-unit recordings from raphe nuclei neurons show increased activity correlated with different and multiple motor tasks, where many units are also activated with ventilation and feeding (Veasey et al. 1995) . However, the picture appears to be more complex, as shown by data from recent multi-channel, multi-neuron recordings from the dorsal raphe nucleus in awake, freely moving rats (Waterhouse et al. 2004) . As far as identification of 5-HT raphe neurons is concerned, in this study these neurons exhibited low tonic discharge rates and a general insensitivity to specific sensory or motor events; non-5-HT raphe neurons, on the other hand, exhibited responses to various motor behaviors, such as locomotion, grooming, head movements, chewing, and both active and passive whisker movements. In the cat, recordings from 5-HT neurons in awake animals show a slow and regular activity (approx. 3 Hz), which may increase approximately 50% in aroused animals. Dramatic changes in the firing rates of these neurons occur during sleep . In addition, subpopulations of 5-HT neurons increase their activity up to fivefold when the animals chew, bite, lick, or groom, whereas the majority of 5-HT neurons do not alter their slow tonic activity. Based upon single-unit recordings in behaving animals, Jacobs and Fornal (1995) postulate that 5-HT neurons of the brain are activated exclusively in association with "gross motor activity," especially of a "tonic or repetitive nature." Clearly, more recordings, preferably from brainstem areas of lower vertebrates and from single units, are necessary to form a more complete picture of how 5-HT raphe neurons are associated with activity of spinal locomotor networks.
Another potent modulator of vertebrate locomotory systems is noradrenaline. In the Xenopus tadpole, noradrenaline enhances reciprocal glycinergic inhibition, which leads to a decrease in the frequency of the locomotor rhythm (Merrywest et al. 2003) . A major source of the spinal noradrenergic innervation is the spinally projecting neurons located in the locus coeruleus/subcoeruleus (Proudfit and Clark 1991) , which, in concert with the 5-HT raphe projections, may play an important role during development of spinal motor systems (Tanaka et al. 1997) . Recently, McLean and Sillar (2003) showed differential effects of noradrenaline on spinal locomotor networks: (a) in intact tadpoles, descending noradrenergic fibers are most likely responsible for a nonrhythmic coiling motor response with minor effects on swimming activity, whereas (b) in tadpoles where the spinal cord has been severed from the brain, noradrenaline can now release swimming behavior in response to skin stimulation. These differential actions are the result of different populations of adrenergic receptors on the respective target neurons. These results show that the activity of noradrenergic neurons may be specifically linked to various motor activities rather than exhibiting "gross motor activities."
UNSOLVED QUESTIONS AND ISSUES OF SIGNIFICANCE FOR UNDERSTANDING NEUROMODULATION IN INVERTEBRATE MOTOR SYSTEMS
The current lack of knowledge on the action of neuromodulators and the underlying signal cascades in invertebrate motor systems, with the exception of the crustacean STG and Aplysia, prompts investigations on all of the levels outlined in Figure 4 .2. These are necessary before we can have a complete understanding of how neuromodulators act when they form and modify motor circuits, from their release and influence on the systems level to their role in modifying subcellular processes priming neuronal function. Apart from the challenging experimental and methodological approaches necessary, other issues require special attention.
In Vitro versus in Vivo
Many studies on neuromodulatory action are carried out on in vitro systems, like the STG. However, to define the "real" function of a neuromodulatory substance, we must learn how the neurons that release the respective neuromodulator are activated during an actual behavior generated. Such studies have also been performed to some extent in the STG, although data from the whole animal are rather scarce. We need to study the behavioral conditions in which a neuromodulatory neuron is active and releases its respective neuromodulator. There can be temporal, developmental, sensory (e.g., soft vs. hard food), and many other constraints. The in vitro findings may differ from the results of in vivo studies and, in particular, not all in vitro findings may truly reflect any behavioral relevance. A good example is the octopaminergic system in insects, where it was assumed that the neurons which release octopamine-the dorsal or ventral unpaired median neurons -are generally activated before and during motor behavior. Only when recordings from these neurons were made, during the execution of specific motor behaviors, were interesting subpopulations revealed with some neurons being inhibited rather than activated (Burrows and Pflüger 1995; Duch and Pflüger 1999) . Thus, when these neurons are recorded in vivo in behaving animals, even under the constraints of a limited behavioral program in a more or less dissected preparation, new insights, conclusions, and ideas are likely to emerge. This particular aspect certainly has been overlooked in most of the studies of neuromodulators, and thus requires more attention in the future.
Activation of Neuromodulatory Neurons
As yet we do not know how the neuromodulatory neurons, which affect the central motor networks, are themselves activated. In the STG of crustaceans, some neuromodulatory neurons of the rostral ganglia may be activated by peripheral sense organs distributed in parts of the esophagus and stomach (Beenhakker et al. 2004 ). Higher brain centers may also be involved. In the case of intrinsic neuromodulators or co-transmitters, their release is tightly coupled to the motor pattern itself (see Katz 1999) . One logical possibility is that modulatory neurons are activated by the command neurons or centers that activate behavior. In crustaceans and insects, some motor behavior is activated by command neurons, for example, the crayfish tail flip during escape behavior (Edwards et al. 2002) and stridulation of grasshoppers and locusts (Hedwig 2000) . For stridulation, either electrical stimulation of certain brain neuropils or injection of acetylcholine can release the stridulation pattern (Heinrich et al. 2001) . The importance of the subesophageal ganglion for motor control in insects has been supported by studies on the octopaminergic system of the locust. The octopaminergic neurons are activated or inhibited in parallel with the selected motor program most likely by neurons in the subesophageal ganglion (Burrows and Pflüger 1995; Duch and Pflüger 1999) . They also receive a rich synaptic drive from unknown neurons in this ganglion. In contrast to motor neurons, reflex activation of octopaminergic neurons is neither direct nor does it derive via the respective segmental ganglion but rather predominantly via the subesophageal ganglion (Field, Duch and Pflüger, in preparation) . None of these activating systems has, however, been identified. This is in contrast to studies in the vertebrates, where some of the descending inputs to CPGs within the spinal cord have been identified (Sillar and Grillner, this volume) .
Which Compartments of Neurons and Nervous Tissues Release Neuromodulators?
Some of the schemes developed, mainly for the STG of crustaceans located within a blood vessel, suggest that the whole network is exposed to a given neuromodulator. This may be true for this particular system, but may differ for other motor systems. Even in the STG the release may be more targeted within the neuropil. In insect and crustacean neuropils, glia cells may form effective compartments or "pools" in which neuromodulators act on all cells in possession of the respective receptor proteins but may leave other neurons outside these borders rather unaffected (see Figure 4 .1). Similarly, Nusbaum (2002) has suggested that the action of co-released biogenic amines or peptides may be affected crucially by either the respective uptake mechanisms or the presence of extracellular peptidase activity. With respect to peripheral modulation, locusts provide a good example: the octopamine levels in the hemolymph increase within the first ten minutes of flight, yet the octopamine levels of individual flight muscles decrease significantly, as do substances that normally would increase if a muscle is bathed in salines containing high octopamine concentrations (Wegener 1996) . This clearly indicates that the octopamine level in the hemolymph and the octopamine level within a muscle represent two different compartments in the intact animal. Preliminary work on the ultrastructure of DUM neuron terminals (Biserova and Pflüger, unpublished) indicates that octopamine may be released towards the basal lamina in some cases and directly to the muscular membrane in others. Similar mechanisms may apply to the CNS where glial cells can provide compartmental barriers, and thus induce a flow system that directs the modulators only into a certain neuropilar area.
As stated above, neuromodulator release within the CNS is not well understood. Evidence from immunocytochemistry suggests that neuromodulators, such as octopamine, dopamine, 5-HT, histamine, and numerous peptides, are present in all major neuropils of the brain (Homberg 1994) . Some neuropilar regions (e.g., those of the optical ganglia, the antennal lobes, or the central complex of the insect brain) are often densely stained by the respective antibodies, whereas others (e.g., mushroom bodies) exhibit sparse but topographically distinct staining (Sinakevitch et al. 2001 ). This suggests that only a subpopulation of synapses of central neurons that are part of these neuropils may be exposed to the neuromodulator, and thus may undergo modulation, whereas synapses at other locations on the same neuron may not be affected at all. Caution, however, must be applied when evidence from anatomical data is interpreted functionally. Nevertheless, there may be functional compartments for neuromodulator action within neuropils whose functional consequences are not yet understood. A similar situation may also apply to peripheral nerves. For example, in nerves innervating the STG, neuropilar structures exhibiting immunoreactivity to synaptic proteins and certain peptidergic transmitters were found (Skiebe and Ganeshina 2000) ; their function, however, remains to be identified.
Why So Many (Peptidergic) Neuromodulators?
In the Aplysia feeding circuit, nine members of the myomodulin family of peptides have been identified as co-transmitters of a motor neuron (Brezina et al. 1995) . They either potentiate or depress muscle contraction; however, they may also accelerate relaxation rate. All nine myomodulins enhanced L-type Ca 2+ currents, forming the basis of potentiation and fast relaxation of muscular contractions, whereas their effects on a specific K + current-the basis of depression of muscular contractions -was much more variable. Finely tuned net effects on modulating muscle contractions were found to depend on a balance between potentiation and depression, which, most likely, reflects the different concentrations of the released myomodulins. In this system, as in many other peptidergic systems, the question arises as to why so many similar peptides exist. Several hypotheses have been proposed: different co-transmitters may be released at different locations or at different times. Reports that this may actually happen come from studies on mollusks (Benjamin and Burke 1994) . Alternatively, multiple transmitters may be co-released, with each having a distinct functional contribution as each binds to a slightly different receptor that evokes a different intracellular signaling cascade. The net effects on the target tissue, therefore, would be a result of different synergistically activated receptors and intracellular pathways. Studies on the myomodulins in the Aplysia feeding system do not seem to support this, as all myomodulins appear to bind to one or two rather nonselective receptors. Therefore, Brezina et al. (1995) suggested that for the action on muscular contraction some members of the myomodulin family may actually be redundant, as the effects of a myomodulin mixture could more or less be mimicked by a single form of myomodulin. This redundancy may be explained by the evolutionary history of a peptide family, and as long as one form is not harmful, it may be kept rather than lost. It has been argued that unnecessary protein synthesis is energetically cheaper than its suppression would be. Retaining a redundant form may actually provide an advantage if further evolutionary development is considered, by increasing the adaptive capacity of an organism to new evolutionary constraints and processes of selection.
Another interesting aspect that has rarely been addressed is how neuromodulators released at the same time (i.e., in a "cocktail") act on the respective networks. The cocktail may have effects that cannot be explained by merely adding the effects of each component (Mesce et al. 2001; Crisp and Mesce 2003) , and thus an enormous increase in "working range" of a network may occur. There is some evidence from crustacean STG that cocktails of neuromodulators are released in vivo (Nusbaum 2002) , but this has to be more widely studied. In addition, it has to be established for all systems that the neuronal patterns studied in vitro correspond to those occurring in vivo.
SUMMARY
In this chapter, we have discussed some of the issues relevant for current knowledge, or lack thereof, with respect to understanding influences and actions of neuromodulators. We suggest that future studies should systematically address the following issues in identified systems that are eligible and appropriate for bridging the gap between subcellular mechanisms of neuromodulatory actions and their systems effects:
• The recruitment of neuromodulatory neurons and their role in initiating motor behavior, as well as the identification of the afferent and efferent connectivity of neuromodulatory neurons.
• The cellular and molecular effects of neuromodulators on target neurons of well-studied motor networks in the CNS of invertebrates.
• The definition and identification of compartments in which neuromodulators can act.
• The ontogenetic, long-term dynamics of developmental changes and effects of neuromodulatory inputs into given motor networks from larval to adult animals.
